This paper measures the carrying capacity of Rome. The model used for this analysis is a mathematical model of constrained optimization and linear programming. The function to maximize is the function of income generated by visitors to Rome based on physical constraints such as the number of parking spaces, beds, jobs in catering and social ties as determined through the estimation of two utility functions: residents who earn a living from tourism and residents who do not. To this end, a parameter whose variation indicates the greater or lesser utility of two social groups needed to be included in the constraints. The results of empirical analysis are as follows: the optimal number of tourist hotels and other accommodation is higher than the actual number of city users. In addition, the daily optimal revenue is more than the actual figure, representing a loss of earnings for the city. This analysis also shows the tightest constraints which are those that economic policy should focus on.
Introduction
The aim of this paper is to calculate the carrying capacity of the city of Rome. The carrying capacity as quoted by Fisher A.C. and Krutilla J.V., 1972, is the sum of the physical (Joardar S.D., 1998, Deyak T. and Smith V.K. 1978) , economic (Duffield B.S., 1982 , Dwyer L. et al. R.,2004 and social (Mbaiwa J.E., 2005 , Snaith T. and Haley A., 1999 , Van de Borg J et al. 1996 , Doxey G.V., 1975 carrying capacity.
The linear programming model to maximize constraints defined by Canestrelli -Costa (1991) for the city of Venice was used to estimate the carrying capacity of Rome. Although the model was developed in the 1990s, it was chosen because it is the only one that estimates different load capacities and condenses them into one measure, the carrying capacity. In this respect, it is important to specify that the aim of the analysis is to estimate the carrying capacity of the city, as previously stated; a valuation of this type includes both tourist flows and the fluctuating population, something that is extremely important in Rome. Indeed, since Rome is a metropolitan and also a capital city, it exerts a magnetic force on people who live in the hinterland and commute to work in the city (Terence W.J., 1978, Guitiérrez-i-Puigarnau E. and van Ommeren J.N., 2010) . The following paragraphs include a literature review and a hypothesis of analysis, an empirical analysis of the city of Rome and the main results. The analysis produces important results that can be used to implement policy changes to urban economics not only with regard to growth, but more importantly, urban development.
The Literature Review
Although there is a large body of literature on sustainable tourism, it is limited to examining rural and coastal rather than urban areas (Debbage 1990 , Holder 1991 , Knowles and Curtis 1999 , Prideaux 2000 . Little attention has been paid to tourism in cities of art: it was not until the 1990s that a part of the literature began to examine the sustainability of urban tourism and cities of art in particular (Ashworth 1994 , Van der Borg 1991 and Cazes and Potier, 1996 . Cities of art were first defined by Ashworth and Tunbridge (1990) . A city of art is, above all, a heritage city where the ancient, historical and cultural part dominates to the point that it is supported by appropriate regional policies. This part is also linked to other, more modern parts. Law (1993) and Van de Berg, Van de Borg and Van de Meer (1995) were the first to deal with overcoming the minimum limit to sustainability that Costa and Van de Borg (1992) went on to call the "carrying capacity". As part of the "Visitor flows in cities of art" research programme that began in 1990 and was published in 1996, Van der Borg J., Costa P. and Gotti G., working on behalf of CISET (the International Centre of Studies on the Tourism Economy) and UNESCO, studied the impact of tourist flows on various medium-sized cities of art in Europe (Note1) and provided guidelines on how to intervene effectively to control tourist flows. In 1990, Martin and Uysal examined the relationship between carrying capacity and the tourism life cycle in a destination. However, it was not until 1991 that the first quantitative study on measuring the carrying capacity was performed by Canestrelli E. and Costa P. who proposed the linear programming method to quantify the carrying capacity of the city of Venice. Unlike other models which are not systemic and analyse individual aspects separately ignoring others, the Canestrelli Costa model (1991) used in this study takes into account the fact that balances are achieved at various levels in tourist destinations: on market goods and services and on non-market goods and services, on individuals, tourists and daily users who demand, on tourist operators, public and private who supply and on the host community that experiences the positive and negative effects of the tourist destination. This means that the critical threshold must be assessed by taking into account all the constraints that characterize the carrying capacity: the physical constraint (Archer, 1996) , the economic/financial constraint which is one of the most important (Prud'homme, 1986 ) and the social constraint (Getz, 1994 , Gilbert D., Clark M., 1997 , Snaith T., Haley A., 1999 , which has received little attention in the literature (Bimonte S., Punzo L.F., 2005) . To use the model, we must consider two hypotheses, one related to the phenomenon of commuting and the other, the multidimensional nature of Rome.
The phenomenon of commuting is particularly significant in Rome and we should not overlook the fact that data on tourist trips also includes a number of commuters. In this analysis, commuters and excursionist tourists are therefore considered city users, without differentiating between them. This estimate does not weaken the quality of the analysis if we consider that the objective of this work is to evaluate the city's carrying capacity and estimate an optimal mix of categories, irrespective of their motivation. We should also consider that average expenditure also includes commuter expenditure in addition to that of day-trippers in the function to be maximized: for this reason, the income to be maximized is not only made up of income from tourism, but also income from visitors to Rome.
The second hypothesis concerns the multidimensional nature of Rome. Like Venice, a city of art but also a port, we assume that Rome is a city of art but that it also has other functions, i.e., it is a city that focuses on the tertiary sector and is also the capital of Italy. We can therefore argue that citizens do not share the same view of tourism and are not all in favour of or against tourism. Consequently, there may be social conflict between those who earn a living from tourism and those who do not. Some sort of social carrying capacity can therefore be identified.
Analysis and Methodology
Linear programming techniques can be used to identify the different values of θ and identify the optimal mix of visitors that guarantees the maximum daily revenue for each one of them; this revenue is compatible with the imposed constraints consisting of the load capacity of each subset and the differences in behaviour of the different subjects with regard to these subsets. Moreover, Soleimani and Jahanshahloo (2007) deal with linear programming models with variable parameters, as in this case.
The objective function to be maximized is the following: CU= city users (the daily number of city users including day-trippers and commuters).
As in Venice, since a priori information on the distribution of expenditure was not available, an equal weight (0.5 of probability) was given to the minimum and maximum values and the average assumed to be a proxy for expenditure for each category of visitors.
The value of each function also depends on other constraints:
where:
x = tourists staying in hotels, tourists not staying in hotels, city users,
a i = coefficient vector that measures the level of daily use of the n-th service by each category of visitors; b i = the optimal capacity level of the n-th subsystem based on the section of the population not dependent on tourism; this level was estimated as the maximum net capacity of the share of visitor use. The theory in fact is that those who do not depend on tourism maximize their utility function when the subsystems are only utilized by residents.
b i + p i = optimal level of utilization of the same subsystem according to tourist entrepreneurs; in theory, this level is equal to the maximum capacity of the considered subsystem; θ= lies between zero and one; the degree of violation of b i towards the insuperable b i + p i limit which is the maximum level of pressure that can be tolerated by the n-th subsystem.
The data utilized in this analysis refers to the Municipality of Rome in 2006. Numerous different statistical data sources have been used according to the variables in the model. For this reason, we have chosen to introduce them gradually in the rest of the text to avoid making a list.
The estimates on the function to be maximized relate to average per capita expenditure since the scope of the analysis is to find the optimum number of hotel tourists, non-hotel tourists and daily city users: these variables will be determined by the conditioned optimization model solution.
The average per capita expenditure per day of the hotel and non-hotel tourists comes from the Ente Bilaterale Turismo Locale (EBTL) for 2006 for the Municipality of Rome and is equal to 297,000 US dollars for hotel tourists and 247,000 US dollars for non-hotel tourists (this data is based on presences). The estimate of the average expenditure of city users, not available from the EBTL source, was based on Coses data for 2006, regards only the historic centre of Rome and is re-calculated utilizing EBTL data for the whole municipal area. Average expenditure by day-trippers therefore amounts to 111,000 US dollars.
The constraints that we decided to consider are the following:
Hotel beds (HB): capacity of hotel accommodation facilities, measured as the number of beds in hotels.
Non-hotel beds (NHB): capacity of non-hotel accommodation facilities, measured as the number of non-hotel beds. They consist of private accommodation and complementary businesses. The complementary businesses include rented accommodation, camp sites and holiday villages, farm accommodation and country houses, youth hostels, holiday homes, mountain cabins, "other accommodation" not classified elsewhere and since 2002, bed and breakfasts.
Restaurants (R): the capacity of catering facilities, measured as the number of meals per day served in the catering sector (restaurants).
Parking (P): parking capacity, measured as the number of parking spaces.
Public transport capacity (T): the capacity of local public transport, measured as the number of passengers per day (bus, tram and underground).
Public transport taxi capacity (Ta): the capacity of local public transport, private mobility, measured as the number of taxi passengers per day.
Waste disposal (WD): the capacity of solid urban waste disposal measured in tonnes per day.
Colosseum capacity (CC): the capacity of a tourist attraction. The Colosseum was selected since it is the tourist attraction with the highest number of visitors in Rome; the peak capacity of this attraction was measured as the number of visitors per day.
To determine the model, maximum capacity and optimum capacity had to be estimated for each constraint. As previously stated, maximum capacity is a physical capacity determined by the maximum value that we can attribute to the considered constraint. Optimum capacity is a part of maximum capacity equal to the maximum value minus the tourist component, assuming that the subset will be used exclusively by residents.
The capacity of hotel and non-hotel accommodation facilities was estimated using ISTAT data from 2006. The number of beds in hotels is equal to 95,367, a figure that should be considered the maximum capacity of the subset. The optimal capacity was estimated as being equal to an occupation rate of 80% of this maximum. This quota was used for Venice and it is also applicable to Rome: the underlying hypothesis is that the citizens of Rome have the same personal perceptions about the crowding of hotels as the citizens of Venice. Optimal capacity is therefore 76,294 beds in the hotel sector. The capacity of non-hotel accommodation facilities is equal to 36,642 whereas optimal capacity was calculated, as for Venice, as 50% of the maximum, equal to 18,321. We can therefore assume that the occupation rate of non-hotel accommodation is lower than that of hotel accommodation because it includes places that are not used exclusively by visitors.
The catering capacity was estimated using data supplied by the Statistics Office of the Municipality of Rome and ISTAT data. The estimate was arrived at in this way: the total square metre area of the catering facilities in Rome was considered. From interviews with targeted participants, the average number of people per square metre was obtained and an average of two meals per person a day was considered as maximum capacity. Maximum capacity is therefore equal to 1,277,242 meals per day. Optimal capacity was estimated using ISTAT data based on a multi-purpose survey of families. The ISTAT survey reveals that 7.6% of residents in Lazio consume a meal in a catering facility; this figure was used to estimate optimal capacity that is consequently equal to 1,180,171.61 meals daily in restaurants.
Parking capacity was calculated using data sourced from the Agency for Control and Quality of Public Services of the Municipality of Rome. The total number of parking spaces is equal to 94,558. Considering that the residential rate in the historic centre is equal to 17%, this figure was used to calculate an optimal capacityof 78,152 units.
The relative capacity of local public transport, including both public and local companies, was calculated using data provided by the Agency for Control and Quality of Public Services of the Municipality of Rome. For local public transport, the effective number of passengers per kilometre per day on buses, trams and underground was considered. Maximum capacity was therefore calculated as being equal to 12,268,000 units. This estimate was reduced by 18.7%, the percentage of use by residents: optimal capacity is therefore equal to 9,973,884 units. Meanwhile, the maximum capacity of private mobility was given by the number of cabs in peak hours, proportioned over the 24 hours, and estimating an average rate of occupation of one person per cab: 1,767,366 day-trippers per day. Assuming an average rate of occupation of one person per cab takes into account the fact that not all taxis are occupied. Considering that the demand for taxi use in the historic centre is equal to 36% whereas in the suburbs, it is equal to 30%, the 6% difference is attributed to visitors and the remaining 94% to residents. Maximum optimal capacity is therefore equal to 106,040 day-trippers per day.
To calculate the maximum capacity of solid urban waste, data from the Agency for Control and Quality of Public Services in the Municipality of Rome and Ama S.p.A. was used. Maximum capacity is 5,012,219 kg per day of solid urban waste equal to the quantity of solid urban waste produced and collected. For optimal capacity, we proceeded as follows: using the Ama S.p.A data, per capita tonnage was calculated for the first district (municipality) considered a tourist one and the other 19 considered non-tourist. The assumption in fact is that the difference in the tonnage per capita of solid urban waste between the first district and the other 19 can be attributed to visitors. A difference of 6% is attributable to visitors; 94% was therefore applied to the maximum capacity to refine the production of solid urban waste per resident. Optimal capacity therefore equals 316,220 kg per day of solid urban waste.
The capacity of the Colosseum was estimated by interviewing targeted participants of the Sovrintendenza speciale per i beni archeologici di Roma (Special Superintendency for the Archaeological Heritage of Rome).
The maximum number of visitors was calculated according to the number of seating places and the average length of a visit to the site. With 75,000 seating places and an average length of visit of one hour 20 minutes, and assuming that it is open for eight hours per day, the maximum daily capacity of visitors is equal to 600,000 units. If we assume a share of use by residents of 20%, the optimal capacity of this site is equal to 480,000 visitors per day. The coefficients of the variables TH, TNH and CU, that measure the level of daily use of the n-th service by each category of visitor, were extracted from the Canestrelli-Costa study and correctly re-proportioned for Rome.
The model of conditioned optimization to solve is therefore summarized as follows in Table 1 with tourists staying in hotels, tourists not staying in hotels and city users, with x ≥ 0, 0≤θ≤1. Table 2 summarizes the sources used in the analysis to measure maximum capacity.
Results
Linear programming techniques were used to identify the optimal mix of visitors that guarantees maximum daily revenue for the different values of θ.
More specifically, therefore, they can be used to 1) observe what the maximum value of the function is under the constraints, 2) know the trend of the optimum number of visitors by loosening the constraints and comparing the optimal number of visitors and the actual number, 3) understand which are the strongest constraints on which to intervene, and 4) define the utility function for the population that earns a living from tourism and the population that does not and define the optimum value of θ from the juxtaposition of the two functions. First of all, Table 3 shows the optimal values of tourist hotel accommodation, non-hotel accommodation and daily city users for every level of θ. It also shows the maximum values of the objective function.
Income derived from expenditure of visitors to Rome goes from a minimum of 14,741,440 US dollars per day for θ equal to zero to a maximum of 44,904,373 US dollars per day for θ equal to one. It is as well to remember that low values of θ close to zero indicate that constraints are stronger and that only optimal capacity is considered in the model. Values of θ closer to one, on the other hand, express maximum relaxation of the constraints, and indicate that the capacity of the subset is the maximum capacity. As already noted in the table, the model does not admit non-hotel tourist accommodation and city users for values of θ between zero and 0.1 whereas when θ is equal to 0.2, it allows non-hotel tourist accommodation but does not allow city users. Figure 1 shows the ongoing trend of visitors when θ varies and shows the most active constraints. An active constraint is a tight constraint that has not been violated (the model does not allow it), but on which the function values press, i.e., they are on the border. These constraints are therefore more significant to observe and are those that require economic policy intervention.
As can be seen in Figure 1 , for values of θ between zero and 0.1, the active constraint, i.e., the tightest constraint, for which the values of visitors are on the border, are parking spaces. For values of θ between 0.1 and 0.2, the constraints are parking spaces and the number of hotel beds; for values of θ between 0.2 and 0.3, they include the number of beds in non-hotel accommodation and in the complementary sectors as well as parking spaces and the number of hotel beds. These constraints remain active for all the values of θ and are therefore those requiring intervention. Moreover, the figure shows the trend of different types of visitors. Hotel tourists and non-hotel tourists have the same trend as the variation of θ, with the difference that non-hotel tourists are equal to zero when θ is less than 0.2. For low values of θ, both increase more quickly, then slow down and continue to increase more slowly for values of θ higher than 0.2, for the first and 0.3 for the second. Daily city users are equal to 0 for values of θ lower than 0.3 and then increase at a constant rate, always remaining lower than hotel tourists and lower than non-hotel tourists until θ is equal to around 0.55, beyond which they are higher. This phenomenon can be attributed to the fact that both hotel beds and non-hotel beds are tight constraints and therefore the number of hotel and non-hotel tourists increases, but less than the potential increase in city users who are not affected by the capacity of hotel and complementary accommodation.
The model has enabled us to estimate the objective functions of the population that earns a living from tourism and the population that does not. The importance of these functions is demonstrated in various studies (Butler R.W., 1980 , Davis D. et al. 1988 , Bimonte S. and Punzo L.F. 2007 ). While the interests of the first group are represented in the objective function that approximates the net benefits obtainable from the tourist industry to an increase in the number of visitors, the interests of the second group are represented by the objective function that approximates the constraints applied to the carrying capacity of the subsystems; these constraints represent the costs incurred by this group. To estimate the utility functions, the model defines two functions:
the first:
where Z 0 is a fuzzy set (Zadeh, 1968) ; b 0 is the maximum aspiration level of the target function and p 0 is the minimum acceptable level of the target function defined a priori. For every possible value of θ, an optimal solution of the visitor mix is obtained, if it exists, that maximizes both the target functions of the two population groups. Let us assume that b 0 is equal to 35, 737, 663 , that is, equal to the value of maximum revenue, with θ equal to 1. At the same time, p 0 is assumed to be equal to 24, 627, 636 , that is, the first value of the maximized function that admits hotel tourists, non-hotel tourists and city users. Figure 2 shows the results of the analysis.
As we can see from the figure, when θ increases, the utility function (μ c ) of the population that does not depend on tourism decreases linearly from zero to one whereas that of the population that depends on tourism (μ f ) increases at a higher speed for values of θ between zero and 0.2 and then increases at lower rates.
The optimal value of θ resulting from where the two curves meet is equal to 0. 2006-2007, page 324) . From the data sourced from EBTL, the actual hotel tourists (daily presence) are equal to 58,907 and non-hotel tourists (daily presence) are equal to 18,280. Actual city users were estimated using Ama data. Ama estimates an equivalent population in Rome of around 3,200,000 people. Since there are approximately 2,800,000 residents, the number of commuters and tourists is estimated to be about 400,000 units. The number of hotel and non-hotel tourists was then subtracted from this value and the number of daily city users is thus equal to 322,812 units. The linear programming technique allowed us to verify that while the optimal number of hotel tourists and non-hotel tourists is higher than the actual number, the number of city users is decisively lower.
Conclusion
The linear programming technique used in the literature in several studies (see Van de Panne C., 1975) allowed us to quantify the carrying capacity of the city of Rome by taking into account the different load capacities of its subsets and the different objective functions of the people dependent or not dependent on tourism. With an optimal value of parameter θ equal to 0.4, a value that allows maximization of the target functions of the two social groups, the optimal number of hotel and non-hotel tourists results in a number that is higher than the actual one whereas the number of the city users is lower; moreover, optimal daily revenue is higher than the actual figure, as shown in Table 4 . Table 4 shows that it is important to bear in mind that the cost-benefit balance of tourism in Rome currently records a significant loss of revenue. Optimal revenue corresponding to the maximum satisfaction of the people who depend on tourism and those who do not, equals around 12 billion US dollars per annum and is higher than the actual figure of around five billion US dollars per annum, indicating a loss in social gain of around seven billion US dollars per annum.
Finally, analysis then demonstrated the need to control or intervene on some of the considered subsystems, subsystems that may obstruct the economic growth of the city: these subsystems are the number of parking spaces and hotel and non-hotel beds. 
